A meta-analysis was conducted on studies reporting data on associations between candidate genes and human personality. Studies reporting data for psychiatric populations (including organic disease and substance abuse) were excluded. A total of 46 studies contributed to the analysis. Pooled data using a fixed-effects model suggested significant associations between the 5HTT LPR, DRD4 c4t, DRD4 length, DRD2 A1/A2, DRD3 A1/A2 polymorphisms and personality traits. A multivariate analysis using a mixed-effects model and including age, sex and predominant ethnicity as covariates was applied to the analyses of 5HTT LPR and DRD4 length polymorphism data. Only the association between the 5HTT LPR polymorphism and avoidance traits remained significant (P ¼ 0.038). However, sensitivity analyses excluding data from studies reporting allele frequencies not in Hardy-Weinberg equilibrium and unpublished data resulted in this association no longer being significant. Implications for the design of future association studies of human personality are discussed, including the likely sample sizes that will be required to achieve sufficient power and the potential role of moderating variables such as sex.
Introduction
Investigation of the association between DNA variants and psychological phenotypes has the potential to determine which genes influence heritable psychological traits, such as personality. 1, 2 However, genetic association studies have so far been characterised more by the inconsistency of their results than by the provision of novel biological information. Given the large number of candidate genes that can be hypothesised to influence psychological traits, the extent of DNA sequence variation and the numerous, often conflicting, methods of measuring phenotypic variation in psychology, the task of evaluating competing statistical hypotheses is likely to be onerous. One way of assessing and explaining the diversity of results is to combine data from different studies; here we apply such a meta-analysis to genetic association studies of human personality variation.
Most trait psychologists argue that a small number of factors can be used to account for individual differences in personality. For example, there is strong agreement that the dimensions of extraversion-introversion and neuroticism-stability are fundamental parts of any personality taxonomy. Causal theorists of personality have attempted to go further and associate known neurobiological mechanisms with personality dimensions, resulting in a substantial body of evidence relating candidate genes to a number of personality dimensions, measured using a range of instruments. Following Revelle's typology, 3 three fundamental behavioural dimensions have been proposed to correspond to differential activity in neurotransmitter systems: [4] [5] [6] dopamine for approach behaviours, serotonin and noradrenaline for avoidance behaviours and serotonin, norepinephrine and GABA for aggressive or fight/flight behaviours. There is considerable consensus over the construct validity of the first two of these dimensions, but there remains equally considerable debate over the third.
In common with genetic association studies in other disciplines, reports of highly significant associations between candidate genes and personality traits, published in journals with high impact factors, have not been followed by convincing replications. For instance, the report by Lesch's group in 1996 5 on an association between the variation in the serotonin transporter gene and emotional stability (or neuroticism) generated much interest, [7] [8] [9] [10] but subsequent work has delivered inconsistent conclusions. [11] [12] [13] [14] Similar reservations surround the claims for an effect of the DRD4 gene on extraversion. 15 There are a number of possible reasons for the failure to find convincing evidence for genetic associations with personality. First, genetic effects on complex traits are probably modest, with at most a doubling or halving of liability (ie an odds ratio between 0.5 and 2) to exhibiting a measured trait because of possession of any particular single-locus genotype, so that many individual studies so far carried out have been underpowered. 16 Second, there could be variation in the allele frequency of candidate genes among the populations studied. Replication is known to be problematic for genetic linkage studies under conditions of genetic heterogeneity; 17 similar difficulties confront association studies. 18 Third, sampling biases could be responsible for differing outcomes; for example, associations may only be found in extreme samples, or there may be publication bias as significant results are published either preferentially or earlier than negative results.
In order to determine the extent of diversity among genetic association studies of personality and attempt to explain the causes of inconsistency between results, we decided to collate data from a systematic review of all published association studies of personality in healthy human adults and subject them to meta-analysis. Meta-analysis is a quantitative method for combining results from different studies, when the data allow this, thereby increasing the power beyond that available to any single study. In addition to evaluating the evidence for associations between candidate genes and personality, we also used metaanalytic techniques to test for the heterogeneity between studies and determine reasons for the conflicting results.
Methods

Selection of studies for inclusion
Association studies of genetic polymorphisms and personality in healthy adults (aged 16 or over) were included. Studies reporting data on male and female participants of any ethnic origin were included. Personality studies were only included if they used validated, standardised, self-report questionnaire measures of personality traits. Studies were excluded that investigated intelligence and general cognitive abilities without reference to personality measures, or which did not report a molecular genetic analysis. Data from psychiatric populations (including alcoholism and organic disease) were also excluded.
The principal outcome measure was the mean score on each subscale of a given personality questionnaire grouped by genotype, separated into three groups where possible (wildtype/wildtype, wildtype/mutant and mutant/mutant) to allow testing of dominant and recessive models where appropriate. In those studies where we could not distinguish between homozygote mutant and heterozygotes, it was not possible to test a recessive model, nor whether allele frequencies were in Hardy-Weinberg equilibrium.
Personality dimensions on different questionnaires were grouped according to the three-factor taxonomy described above. 3 The full taxonomy used is available as supplementary material.
Search strategy
The search was performed on three databases: Embase, Medline and PsycInfo. These databases were searched up to the end of June 2002. Bibliographies were also hand-searched for additional references. In addition, individuals with expertise in the area of personality genetics were asked for details of conference abstracts, studies in press and any other papers of particular interest.
Search strategies were tailored to the individual databases using keywords such as 'personality', 'trait', 'gene' and 'polymorphism'. The complete search strategy is available as supplementary material. Abstracts of studies identified by the search strategies were then examined with reference to the inclusion and exclusion criteria.
Data extraction
Data were extracted from papers using a standardised data extraction form by two authors (LM and EP). Discrepancies were resolved by a third author (MM). Reasons for the subsequent exclusion of studies that had been identified as relevant during the initial abstract searches were noted.
When data were not reported in a format that allowed inclusion in the meta-analysis, authors were contacted directly and asked to release the data in the appropriate format; this was successful in the majority of cases. [19] [20] [21] [22] [23] [24] This also led to the inclusion of a paper in press. 25 In the case of five studies, correspondence with the authors indicated that it would not be possible to include their data in the metaanalysis. [26] [27] [28] [29] [30] In one case, the ethical approval granted to the study did not allow the data to be released 31 and in one case there was no response from the authors. 32 For each study, the following data were extracted: Data were extracted separately for papers where data on more than one gene, or more than one personality scale, were reported.
(where appropriate) of the genotypes on the standardised personality scores were estimated using Cohen's d method within a fixed-effects framework to express the size of genotypic effect in a study relative to its variability. 33 Homozygous groups only were compared using a similar approach. A fixed-effects model considers the variability between study results as exclusively because of random variation, and individual studies are simply weighted by their precision. When there was evidence of significant heterogeneity among the included studies, the analysis was reperformed using a random effects model, which assumes a different underlying effect for each study and takes this into account as an additional source of variation. In this setting, effects are assumed to be randomly distributed and the central point of this distribution is the focus of the combined-effects estimate. In general, the random-effects model leads to relatively more weight being given to smaller studies, and to wider confidence intervals. Analyses adjusting for potential confounders (age, sex and ethnicity) were performed in a grouped analysis of variance (ANOVA) using a mixed model framework. This approach is equivalent to meta-regression, and can include study effects as either being fixed or random.
Studies were only included in the meta-analysis if there were a total of three or more papers that reported data on a particular candidate gene. In some cases data were reported in more than one publication, 9, 18, [34] [35] [36] [37] [38] [39] [40] in which case these secondary studies were not included in the meta-analysis. In some studies part of the data had already been reported elsewhere, in which case only the novel data were included.
In any analysis where a large number of statistical tests are performed, there is a risk of Type I errors occurring: some comparisons that are statistically significant at a 5% level may be because of chance. In the situation where all genotypic comparisons of the same polymorphism within the same trait are significant, this is more likely to imply real gene effects, than in a situation with an isolated significant effect.
Results
Description of studies
A total of 79 studies conducted in 18 countries between 1995 and 2002 met the inclusion criteria and contributed to the review. [7] [8] [9] [11] [12] [13] [14] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The characteristics of the studies are described in Table 1 . Of these studies, 33 were not included in the metaanalysis. These studies, with the reason for their noninclusion in the meta-analysis, are detailed in Table 2 .
Of the 46 studies that contributed to the metaanalysis, a total of 22 studies reported data on the 5HTT gene length polymorphism, of which 17 reported data on approach traits, 22 on avoidance traits and 12 on aggression traits. A total of 17 studies reported data on the DRD4 gene length polymorphism, of which 17 reported data on approach traits, 10 on avoidance traits and eight on aggression traits. A smaller number of studies reported data on the DRD4 gene c4t polymorphism (five studies), the DRD2 gene A1/A2 polymorphism (six studies), the DRD3 gene A1/A2 polymorphism (four studies) and the DAT gene 9-repeat polymorphism (four studies).
Hardy-Weinberg equilibrium
Tests of genetic association using a case-control design assume that allele frequencies will be in Hardy-Weinberg equilibrium. Departures from equilibrium may reflect the presence of population stratification, inbreeding or genotyping error, which will prejudice the association test result. Where possible, therefore, we looked for departures from Hardy-Weinberg equilibrium (see Table 3 ). However, it should be noted that the test is not powerful and a significant departure from equilibrium is highly unusual. Nevertheless, four studies reported allele frequencies in significant deviation from HardyWeinberg equilibrium (Po0.05), for the distribution of the DRD2 A1/A2, 49 5HT 2c cys4ser 52 and 5HTT LPR 11, 58 polymorphisms. When a Bonferroni correction for multiple testing was applied, only one of these tests remained significant. 52 However, as Hardy-Weinberg equilibrium should obtain after only a single generation of random mating, even from a starting position of extreme disequilibrium, sensitivity analyses excluding these studies were performed. The 5HT 2c gene was not one of those included in the meta-analysis, as less than three studies reported data on this polymorphism, so it was not necessary to conduct a sensitivity analysis excluding this study.
Meta-analysis
Pooled data using a fixed effects model suggested significant associations between the 5HTT LPR, DRD4 c4t, DRD4 length, DRD2 A1/A2, DRD3 A1/A2 polymorphisms and personality traits. A summary of all pooled results using a fixed effects model is reported in Table 3 . These results are also available graphically as supplementary material.
The table shows significant associations for approach traits and the DRD4 c4t polymorphism (standardised mean difference (SMD) 0.21, 95% confidence interval (CI) 0.03-0.39) and the DRD3 A1/A2 polymorphism (SMD 0.13, 95% CI 0.01-0.26). The association between approach traits and the DRD4 length polymorphism (SMD 0.07, 95% CI 0.00-0.14) approached significance (P ¼ 0.06). For avoidance traits, there was evidence for significant associations between the 5HTT LPR polymorphism (SMD 0.11, 95% CI 0.06-0.17), the DRD4 c4t polymorphism (SMD 0.28, 95% CI 0.02-0.55), the DRD2 A1/A2 polymorphism (SMD 0.16, 95% CI 0.00-0.33) and the DRD3 A1/A2 polymorphism (SMD 0.28, 95% CI 0.13-0.44). For aggression traits, there was evidence for a significant association with the 5HTT LPR polymorphism (SMD 0.12, 95% CI 0.00-0.23) and the DRD3 A1/A2 polymorphism (SMD 0.14, 95% CI 0.02-0.27). There was evidence of significant heterogeneity (Po0.05) in six of these associations (5HTT LPR and avoidance, DRD4 c4t and approach, DRD4 length and approach, DRD3 A1/A2 and avoidance, DRD3 A1/A2 and aggression and DRD2 A1/A2 and avoidance). When a random effects model was applied to these analyses to control for this heterogeneity, only the association between the 5HTT LPR polymorphism and avoidance traits remained significant (SMD 0.09, 95% CI 0.01-0.18).
Multivariate Modelling
A meta-regression using a mixed model framework was used to adjust genotypic estimates for the effects of age, sex and predominant ethnicity. Owing to a small sample size and the resulting potential for model instability because of the low number of observations per covariate fitted, we restricted our analysis to the 5HTT LPR and DRD4 length polymorphisms. All genotypic effects in these analyses were statistically nonsignificant, except a dominant effect of 5HTT LPR polymorphism on avoidance (P ¼ 0.038). The effects of age, sex and ethnicity were also nonsignificant.
It is possible to measure the proportion of phenotypic variance accounted for by the genotype using the R 2 statistic from an analysis of variance using the genotype and a (fixed) study effect. The highest value (R 2 ¼ 0.98) came from the analysis of a dominant 5HTT locus, but this estimate is overinflated because of the overfitting of the study effect. Removal of the study effect reduces the estimate (R 2 ¼ 0.10), and is more likely to be closer to the true value. It should be noted that this estimate is highly crude and potentially unreliable.
Sensitivity analysis
Sensitivity analyses were performed excluding those studies reporting allele frequencies not in HardyWeinberg equilibrium. For the analysis of DRD2 A1/ A2 data, one study 49 was excluded, but this did not substantially alter the results as reported above. For the analysis of the 5HTT LPR data, two studies 11, 58 were excluded. This resulted in the association between the 5HTT LPR polymorphism and avoidance traits to be nonsignificant under a random effects model (which was appropriate as there was evidence of significant heterogeneity) (SMD 0.07, 95% CI À0.01 to 0.16).
Further sensitivity analyses were performed in order to test for the potential biasing effect of the first published study, as it has been suggested that the first published study often suggests a stronger genetic effect than is found in subsequent studies. 91 For the association between the 5HTT LPR polymorphism and avoidance traits, exclusion of the first published study 70 did not substantially change the association. The exclusion of unpublished data 20 also did not substantially change the association. Finally, when all four studies 11, 20, 58, 70 were excluded, the association remained significant, although marginally, (SMD 0.07, 95% CI 0.00-0.13), with no evidence of significant heterogeneity.
In addition, because of the lack of consensus regarding the equivalence of the Psychoticism scale of the EPQ and the Reward Dependence scales of the TPQ and TCI, a sensitivity analysis was performed excluding studies reporting EPQ data in relation to this third dimension. 59, 66 This did not substantially alter the results, although the association with the 5HTT LPR polymorphism approached significance (P ¼ 0.06), and there was no longer evidence of significant heterogeneity.
Power analysis
Power analyses were performed on the basis of the most optimistic, average and most pessimistic effect sizes suggested by the fixed-effects models in the meta-analysis (SMD ¼ 0.20, 0.10 and 0.07, respectively), and on the assumption of a requirement for 80% power in any association study comparing two groups, for alpha values of both 0.05 and 0.01. The results of this analysis are presented in Table 4 , below.
Discussion
The biomedical interest and potential importance of discovering molecular variants that have an effect on personality is partly reflected in the large number of publications that have appeared in the last few years: since 1995 there have been 79 reports that were captured by our search strategy. Unfortunately, the size of the literature does not indicate the amount of progress in the field, since there is still considerable confusion about what has been established. A metaanalysis of the association between DRD4 length polymorphism and novelty seeking has recently been reported, 92 but our meta-analysis is the first to comprehensively investigate which, if any, of the genes studied, has a statistically significant influence on personality in healthy adults.
Significant associations were found between personality and polymorphisms in three genes, using a fixed-effects model where possible and a randomeffects model where there was evidence of significant heterogeneity: 5HTT LPR and both avoidance (Po0.05) and aggression traits (Po0.05), DRD3 A1/ A2 and approach traits (Po0.05), and DRD4 c4t and avoidance traits (Po0.05). A random effects model increases the SE and weights the effects of smaller studies (which may be closer to a null result) higher, which reduces the likelihood of statistically significant results. This should be borne in mind when considering the associations that showed significant heterogeneity and were no longer significant when a random effects model was applied.
When a multivariate analysis was performed for the 5HTT LPR and DRD4 length polymorphisms, to include age, sex and predominant ethnicity as covariates, using a mixed model framework, only one association remained significant. This was between avoidance traits and the 5HTT LPR polymorphism (P ¼ 0.038). A crude estimate of the effect size of 
Extreme scores design
Genetic polymorphisms and personality MR Munafò et al the 5HTT LPR polymorphism on avoidance traits suggested that the genotypic effect accounted for less than 10% of the phenotypic variance, but this figure should be regarded as very tentative, in particular, in light of the fact that the exclusion of data from studies that did not show Hardy-Weinberg equilibrium resulted in this association being no longer significant.
Several cautionary methodological points can also be made from this review of the present state of knowledge. One is that none of the 10 000 genes thus expressed in the brain can be ruled out as a potential candidate in genetic associations studies of a complex behavioural trait such as personality. It may be argued that this requires a corresponding correction for multiple testing, which would render traditional alpha values nonsignificant, although a simple Bonferroni correction is likely to be excessively exclusive. 93 Of course, it will be possible to reduce the number of potential candidate genes as knowledge advances. A related argument, however, is that individual genes may be associated with several complex behavioural phenotypes, which may also result in a requirement for correction for multiple testing. Certainly there is increasing evidence for the pleiotropic nature of genetic associations. 40 The unexpected finding of a significant association between the DRD4 c4t polymorphism and avoidance traits is one case in point that illustrates this potential problem. We also found tentative evidence of publication bias in the literature. While the study by Lesch et al 70 is frequently cited as the first study reporting an association between the 5HTT gene and avoidance traits, Cruz et al. 20 also collected data on the 5HTT gene and avoidance traits, showing no evidence of association, but did not report these data (Cruz, personal communication) . It is also clear from the review that the number of published papers is a poor indicator of the quantity of association data that exists, as in some cases the same data set is reported in more than one paper. Of the 79 studies included in the review, 50 reported evidence of a significant association between genotype and personality. The results of the meta-analysis do not support the conclusion that might be drawn by simply counting the number of studies reporting significant results. It should be stressed, however, that there were certain limitations in the present study; there were insufficient data points (ie individual studies) to allow a one-way ANOVA across three genotype groups, so only two groups could be compared in the analysis, unlike in some individual studies 68 where individual data allowed this. We also did not investigate genetic associations with facets of personality subscales. Perhaps most importantly, it was not possible to investigate the effect of potential moderator variables such as age, sex and ethnicity, and multivariate analysis only allowed for these variables to be controlled for.
The methodological conclusions that may be drawn from this review differ in some important ways from those made by Ebstein and Belmaker. 94 We would suggest the use of compound phenotypes, consisting of conceptually related measures, to reduce the problems associated with multiple testing, rather than restricting association studies to the use of a single phenotypic measure such as Cloninger's Tridimensional Personality Questionnaire 95 or the NEO Personality Inventory. 96 For example, high levels of avoidance traits (ie high neuroticism) are known to be associated with a high risk of depression. If participants in association studies are preselected on the basis of a number of phenotypic indices such as neuroticism and depression, this should serve to strengthen the association with the gene of interest. One caution against this is the finding that the exclusion of one study reporting data on the Psychoticism scale of the EPQ, as opposed to data on the Reward Dependence scales of the TCI and TPQ, in relation to the 5HTT LPR polymorphism, markedly reduced the heterogeneity in the analysis. While there is a general consensus regarding the construct validity of approach and avoidance traits, there is less regarding aggression or fight/flight traits. Our results suggest caution in the use of questionnaire instruments in the absence of a sound conceptual basis for the neurobiological substrate of the relevant trait.
It may also be possible to include phenotypic measures other than questionnaire instruments; Hariri et al, 97 for example, report a significant association between the 5HTT LPR polymorphism and amygdala response to emotional stimuli. Such 'enrichment', however, may make any findings less generalisable. In addition, the effect size of any association that does exist is likely to be small, so that efforts should be made to maximise the power of future studies, for example, by using an extreme scores design. 27 Studies should also report the proportion of phenotypic variance that may be accounted for by genotypic variance in future association studies.
Nevertheless, some suggestions made by Ebstein and Belmaker 94 are reinforced by this review. For example, multivariate modelling suggested that sex and ethnicity should not be regarded as covariates to be controlled for; however, these variables may act as important moderator variables of genetic associations, as suggested by some of the studies included in this review. 50, 56 Caspi et al 98 for example, report a significant interaction between MAOA activity and childhood maltreatment in the development of violent behaviour. Future studies should be restricted, or stratified and powered appropriately, to detect possible differences between sexes and ethnic groups. 99 Reducing the variance to potential confounding variables, such as age, should also be considered in the design of future studies. For example, Novelty Seeking scores have been reported to decline with age. 100 Twin-panel studies 16 and internet-based or postal questionnaire investigations, allied to relatively non-invasive biological sampling (eg postal buccal washes), may offer the apparatus to generate the adequate sample sizes needed.
